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SUMMARY

The thoory of the hydraulic sanelofy, that is, the znalogy

between wator flow with a free surface and two-dimeoneionsl campressible

gas rflow, and -the limitations and conditions of the snalogy are
discudgsed. A test was rvm using the hycérawlic analogy as applied

to the flow gbout circular cylindsrs of varjous dlanetyrs at subsonic
velocitles extending into the supcrcriticel range. The apparcatus and

technidques used In this application are described end criticized.
Reusonably satisfectory agreauent of pressure distributions end
flow fields existed between water and alr flow sbout correosponding
bodiss. This agreement indicated thc possibility of exbending
experimental camprossibility rosearch by new methods.

INTRODUCTION

An snalogy eoxists Detwoen water flow wlth & frce surface and
two-dimensional campresgible gas Tlow (hydvaulic enslogy). The
water pwst flow over & smooth horlizontal surface bounded by
verticel wallg geometrically similsr to the walls boundzn\c- the
corresponding compressible gas flow. '

The mathematical basis of this hydraulic anslosy was presented -

by Riasbouchinsky in reference 1, in which he slsc described his
epperatus for investigating the flow in a Leval nozzle. In
roference 2, he extended the thsory to include drsgz considerations
and. outlined the probeble urerulness of the hydraulic analogy.
Bimnie and Hooker, in reference 3, obtained surveys elong the
center line of a chammel with a constriction. By employing the
cheracteristics method to calculate accurately the flow in a Laval
nozzls, Preiswyerk, in roference 4, demonstrated canclusively that
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the methods of gas dynamice can be épplied to wabter flow with a
free surface.

The National Advieory Commlttee for Aeronautice became interested
in the hydraullc analogy because it secmsed an easy and inexpensive
way of studying two-dimenslonsl compressible pgas Tlow; in particular,
phenomens occwrring in alr at spoeds too high for visual observetions
could be observed at very low speeds (3 ar 4 fos) in a water chemmel.
Preliminary Investigations were made iIn the Langley tank no. 1,
whero difficulty with the vertical acceleratlons -~ assumed negligibly
small in the snalogy - was experilenced.

A water channel was designed and constructed in the Langley 8-foob
high-speed tunnel in the spring of 1940. The chennsl was so
constructed that flow fields imvolving both suvbsonic and supersonic
veloclitles about serodynamic bodieg could be investigated. The
value of the analogy in such flow fields has not been previously
demonistrated. The development of the measwring apparatus and
technliques 1ls presented herein. The application o the analogy to
flows fhrough nozzlcs and gbout circular cylinders at subsonilc
velocitles extending into the suyercritical range 1s also presented. - - -

Cp speciflc heat at constant pressure

Cy specific heat at constant volume

4 aedigbatic gas constant, ratio of C.y to cy of ges

iy dbsolute temperature of gas o o o
o} mass density of gas _

D oressure of gas —_—
h 9nthaipy or total ﬁ;at content

q dynemic pressure of gas (%pv%)

o surface tension of li@uid -
P presgegure coefficient (Eglj§—2§> .

1 viscosity of ligquid
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a speed of sound in gas (ﬁrg )
v velocity of flow ‘
d wabter depth
M Mach muamber, gtregm vaelue unless otherwiee indicated
—g fok gas;v—'-{;_'a for wuter
& acceleration of gravity
Fs compressibility factor
X, ¥ rectangular coordinate execc
u, v camponents of velocity in x and y dirsctlonsg, reepectivéij-f
¢ veolocity potential in'two-dimonsional flow |
A wave length of swrface waves in fiunid N _:
U veloclity of propagation of surface weves in i‘iuid.
3] diemster of circular cylinder ' -
R Reynolds mumber (-‘%-’i-)
g engular mcasuremar;t clockwise &bou{. cylindor; at etagnation
poink, 6 = 0°
Subscripte:

No subsgcript any velue of variable

o]

st

value at stegnetion (V = 0)

value for completoly vndiscvurbed statig conditions,
no flow in chammel

local value of variable; value at surface of model,
at chennel wells, or in field of Ilow

value in undistuwrbed strean
any two velues of variable

maximm velue of varisble
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cr critical value of varlable, value at which
Mach number of 1 l1s reached at some polnt R
in flow S L aE__LEES
x . partial derivative with respect to x
d o
(fczr example: ¢I = 5%’ ¢x:x: = N
h4 partial derivative with reswect to ¥ Sz
THECRY . - T T

The following 1s a condensation of the theory end mathematical
development of the-hydiraulic analogy as given by Yreiswexrk (reterence 4),

Two assumptlions are wede in the mathematical development:

(1) The flow is irrotaticnal. . .
(2) The vertical accelerations at the free surface are negligible
comparsd to the ecceleraticn of gravity. The mressure in tire f{luid .
at any point therefore dsvends only on the height of the free suriece
above that point.

Tre snalogy belween the flow of water with free surface-and the
flow of a compressible gas may be ohtalned by sevting up the enerzy
equations for each. From the energy equaticn for water, the o - -

veloclty is . . oL =
V2 = Zaldy - 4) (e .
Viax = \/Egdo - (1p)
The corresponding equation for the velocity of s cas 1s . =
Ve = 2g(hy - h) = 2ch(To ~ ) _ (2a) L mm
e ema e ememwmm e T =0 . P
Vinax = \/zgho = \/2ccyTy (2v)

o e =. ;-_ P '5' ‘5
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Therefore, if the ratio V/V, . for gas is oquated to V/Vp.y
Tor water,
dg -4 By -b _Tp-T - .=
4y h, To
or
a X - (3)
&% Yo
The equation of continuity for water is
~ 3lva ' -
Sea) | 20 | ()
ox Ay
The continuity equetion for two-dimensionnl ges flow is
¢ 9
olup) | {vo) (5)
ox Sy S
From oquations (4) and (5) , a.further cond.ition for the analogy
ney be derived -
do 9o '
Since for edlabatic iscntropic flow in the gas
X
L _ /_‘]_;‘_ =1 ; )
o lT } {7

then
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and, therefore, the analogy requires that ¥ = 2.0.

From the rela.tion_

- e (oY
pg Po

It mey be sson, since 7 = 2.9, that

P (& S (8)
Po (%)
The velocity potentisl for wabter is given by the squation

/ ~ 4 ~
m( - %(; £ )- ot 2 oo (9)

and the corresponding esquation for a gas lis

g .= ¢.2 fed
By |1 = = ] + ¢yy<"“§§)‘9¢xv 127=0 (10)

<. 8.

Therefcre, for identical expressions,
S
oeh,

=

(11)

o P !
— 2ed,

From equations (9) and (10), tke velocity \/E& in the liguid
flow is seen to correspond to the veloclity of mound 1in gas flow.
In e sungequent section enbitled "Discussion,” the value of ygd
is shown to be the veloclty of propagation of surface wavea, the
wave lensthe of which are large in camparilson to the waber depth.

The ratio of 7‘—%3 in the liquid flow corresponds to the Mach
number —j- in the gas flow.

&,

If the velocity of tho liquid flow is less than ygd (M< 1),
the water 1s sald to bo_"streeming." If the velocity of liquid
flow 1s greator than ygd (M > 1), the water is said to be
"ghooting."

iy
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In shooting water under certaln conditions, the velocity of the
flow mey strongly decireage for short distences and the depth may

increase.

Jump. Hydravlic Jumpe of smsll intensity are pro

the velocity ved.

The anslogy mey be summearlized as follows:

An unsteady motion of this type is called a hydraulic
pagated with

Significent quantlities
end chareacteristice
of two-dimensional
compressible gas flow,
7 =2.

Corresponding values
in analogous
liguid flow

Tempersture ratio, %’
o

" Density ratio, £..
Po

Preemure ratio, -
po

Velocity of sound, & = 72
p

Mach number, %-

Subsonic flow
Superscnic flow

Shock wave

Weter-depth ratio, %.
%

Weter-depth ratio,

Ay

Squere of waber-depth ratio, (

Wave velbcity , \/:;'E

Mach nwmber, --:I-_-:
\ &

Streamling watex

Shooting weater

Eydraulic Jump

The Mech numbers in the liquid fiow may easily be computed.
If equetion (la) is substituted in the expreesion for streem

Mach number

the expression bscames

M

E(do - d‘B) l/z_

Ve - .

M=

edg

2

: (léa.)
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The polnts for M = 1 sare located where the depth is two-thirds of
the total heed as is easily verified from equeticn (12a). The
local Mach nmumbers are campubted fram ]

[2(a5 - az) [H/2
My = {——~—-«——-— (121)
dy _

ben

Tho pressure coefficlent, a significant quant.ity in compressible
gas tlow, mey be computed for liguid flow. 'If E}— is substituted
for 3'1 in the expresaion for pressure coeffigi;ani
2

n
%ﬁ -1
P =F

P=F, ( ) (13) |

N
\&) "]

the oxrression becdfes

For a campressible ges
7 —-—p

e I
2 7y -1 A -1
Fo = 7}182 1+ > M, - J

end with 7 = 2.0, a2 required by the bydraulic snalogy, the
carpressibility factor is exectly

Fc""l'_"'&lMse __'

When the eanalcgy 1s applied to the study of alr low, accurade
quantitative results will not be obtained because, for strict "
agreement. between water flow and gas flow, 7? must equal 2.0,
whereas for alr 7 i1is 1.hk. The relation between pressure reatio end
local Mach number for the two values of Y- is shown in figure 1. «
A given pressure ratlo corrésponds to & higher Mech mmber in alr
than in the fictitious gas with 7 = 2.0. Tue corresponding dopth
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rotios d/d4, shown in figure 1 are equal to tho sguare root of

the pressure rabtios for 7 = 2.0. With & given stiramm Mech number,
the &bsolute value of the critical prossure coofficicnt (fig. 2)

is lower in air than in the ges with ¥ = 2.0. Tac differences
are not very large, however, and the flow shenomceno obscrved in
the water flow should be gqualitetively the seme as those occurring
in the two-~dimensional compressible flow ol al:.:.

APPARATUS ot e T~

The teats weré conducted in the vertical, retirn-~flow water
channel which woes deslgned and constructed in the Langley 8-foot
high~-speed tunnel. ZFigure 3 shows the flow circuit and plan view
of the free water surfaco and also the orifice locations of the
water channel. A motor-driven proneller of 1-foot diameter forces
the water into the expending section znd throvyh & ecreen Into a
large quieting section. The fluid is eccelerated. in the convergent
section and flows through the test section dowmstiecm to the propeller
8o that continuous flow is maintained. The test section could be
replaced by the nozzles shown in figures %(2) to 4(c). The shape
of the chammel test section is given for camvericon in figure 4(d).
The entire floor of the entrance cone and test sectlion is horizontsal
except for the diffuser which has a 1° slope. Fo & statlc depth
of 1.5 inches, the maximum volume flow is arroximetely 540 cubic
inches per second and the power required is l/lO horsepower.

Water depths at points in the test section were obtained wilth
the survey equipment shown in figures 5 snd 6. A block on which
was mounted a vertical shaft tipped with a Tine vwiie probe {0.030-inch
diameter) could be moved both parallsl and perwendicular to the
chammel axis. The probe was capable of 25-inch veirtical travel con=~~
tlnuously meapureble by a stendard micrometer to the nearest one-half
thousandth of an inch. A smell neon lamp was mornted in series with
the insulated probe and the water to provide & “:ositive sign of con-
tact between the probe and water level.

A similer micrometer unit, moveble along a single fixed rail,
was located upstreem along the floor center line to measure total
head. Water depths could also be measured by static orifices on
the chennel walls end elong the floor. Rach orifice wes cornected
by a valve to a cammon sump and burette. By olening ‘only one valve °
at a time, individual pressures could be obtained in the burette by
meens of a vernler height gage fitted with a heirline mirror sight.
The locatione of these orifices are shown in firwe 3. B ;
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Photogrerhs and motion pictures of the free swrface could be
obtained by cameras mounted above the test scction. A Sirobelux
and Bhrobotac were used as the mource of 1lluminaticn. A circular
gless plate, fitted into the center of the floor of tho test secti:m,
permltted il_.mninatlon of the water su.rfar-es fram below,

' METHODS

The two-dimensional models were mounited et thc centor of the
glags plete, one end flush with the plete and the other gnd exten.hng
shove the water surface. Orifices were drilled in tho modsl a
fixed distance ebove the glass plate and ncrmal to the model surflace.

From the theory of the brdraulic enslogy, it is readily scen
that accurate msasurcments must be medc of the depths 1n gll
measurable polnts in the chammel. For each operating speed two
readingga were usually obtelned for sach deta point, ono by ths
burette ahd the other dy the swrvey carrlage. The burettc reading,
by means of the halrline sight and vernler, couwld be tekon ac
quickly-or as often ag necegsary withort affecting stroem condlitlons;
whereas ,becense of the Tormetion of capillary end ociemding waves, the
surface probe reoding wes good only at tho lnstant tho probe touched
the watar. This effoct was not scorious at loczl supersonlc spucds es
the standing waves weres then urable to move upstrcum from tho point
of water contuct. When the dilsturbance was ramoved by bruoking
contact with the wator surface, original etream condftions wera
restored in about 10 second_s, et which time anothor roading could
bo made.

Tho micromster unit moveble along e slngle {ixed rall mcasured
the dephh at tho upstream positions and the dopthe at the first
mressure orifice on the chamnel center line. TFrom contlmulby
congiderations, the total head -

a -

%*%fl )/zg

\r1

where Y . is the breoadth of the chamnel end subscript 1 refers to
the atablon at the first orifice an the center line. The streen
dopth &, wesd measured sufflciently far ahead in the test eection
to be wmaffected by the presence of the model. The total heed,
howover, could be measured dlrectly by the upstresm micramster in
the vicinity of the boundary well at the upstream end (fig. 3). The

(14)

Pt
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upstream micromster was calibrated ageinst the tost~section swrvey
rrote before each xrun. All depths wore measured from the level
floor of the channel. The net accuracy of all revadings wes within
£0.002 inches.

Oririce pressures wore used to obtain the wabter depth on the
suwfeace of the models and at the test-section side walls. This
type of measurement is necossery inasmucli ag the capillary rise
of water on all bodice that bresk the water swrfiace invalidates the
use of the survey probe. The probe 1ls of great valus howover, in
obtaining surveys at points where the influence of capillarity is
negligible, which in most cases is sbout l/h- inch from en exposed
surface. Extreme care had to be taken in «ll pressure measwrcments
to hold cepillaxry rise constant in the bursette, as very slight
concentrations of dirt on the glase would change the meniscus shape.:
The burette was, thorefore, clesned at regular intervals with
chromic ecid, and & 10 percent solution of aerosol was placed on
the meniscus to reduce swrfece tonsion end cepillerity. This
rrocedure sncbled consistent readinge within the desired accuracy.

The shadowgraph still photographs were obtained by a 5~ by T-inch
viow cameore. The test setup and schematic diagren arse shown in’
figures 6 and 7{a). In the initlel trials it was found that the
mogt convenlent light source, with existing collimetor lenscs, was
& Strobolux-Strobotac unit; snd by adjusting the flesh rregquency,
various light internsities could be obtalned. The refraction
vatterns xormed by a vortex, hydrsaulic Jump, and ceplllary wave
areo shown in figures 7(b) tc T7(d), and from these pstterns ar
cambinations, a quelitative enelysis of shodowgraphs mey be mede.

In order to reduwce excesscive pettorn refraction,the ground-glass
screecn was placed os close to the weler surface os possible. Motion
Pictures of weko frequoncios and altornate tralling vortices were
obtained by the samo methods with no great difficulty.

RESULTS

In order to ascertain the nature and the cpplicebility to alr
flow of data obtained in the water channsl, teste wore medo with flow
through nozzles and ebout circuler cylindeis. These tosis were run
&t various depths and Mach munbers erid with models of verious sizes
in the channel. The results are Tirst prescndod without discussion.

Plote of the woter depths and weter-depth Tebtios &long the cenber
line of comvergent-divergont nozzlee as meesurod by the test-section

b .
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micrometer unit ars shown in figures 8 tuw 10. The shapes of these
nozzles are shown in figures h\a),l h(v), and 4(c), resrcctively.

Thy cftrvsa. lateled "Resnolds Tlow are c':m“:vtec. fram ono-dimensional
thewry: theb ig, the veloclties st all poiuter In g cross sectlon
erc Agsumei the same in nagnitude und perallel to the center line

of ths charmcl. The d.epth et any point is computed from the
oquution of conbtinuity -

V % Ares = Copgtent : - (15)
whers '
Arpa = Breadth of the chemnel X VWater depth

The water~depth retios are scen to increcze with the increass In
devuh fu figrs 8. The nozale in tigurc 10 was modifisd to have
a ve.y g eduel eprroach . sechion aad the weber-denth ratios for
this nozzls ere the scmwe gt any dopth. :

The verietion with total hcad of the weter desths and waler-depth
raticd ahout & clrcular cylinder as moagwdéd b, mcans of the
weesurs crifices aad burestes is shown in fizure 11. In this
case i1kh3s denth ratlos decreess witk lncirease in water depth. A
canparison bebween microncter end baretts negsteafants ig chown
for a-2-inch aorzle in Sigire 12, where 1t 18 escen that the
micraseter readingzs are greater then the burabue readlngs snd the
difference incieases wich depth.

Tigures 13 and 1lh show the variatlion with water dspth of-the
shadoveraphs of the rlow about a 2%’-inch diemoter circuler cylinder

at Mach marnbers of 0.40 and 0.60, resrectively. The crrresfoliding
variation of »sressure at 6 = $0° is also shown. Additlional

shadoverazhe of the flow abocub circulsr cylinders off various sizee
and witn varlovs weber depthe are s‘mwn In Figrres 15 te 19, The

pregaurs dletridutions ebout the q— inech clrculer cylinder in the
water chermel with s static depth of 3 inch are camparcd for various
Mach nunbers in figwe 20 with the pressu.ce digtributliaops about

a -'L-in“h circular cylinder in eilr. The data for the circular crlindex

1n a.ir Wwere avallable from tests made in the Lancley rectangular
high-sjyeed tunnel.

With various sizes of circular cylinders in the test section the
veriation of the loceal Mach numbers along the channel wall for different
stream Mach mumbers is shown in figures 21 to 2%; and the corresponding

stresm depths 4, and total hoads 4, are given in figure 25.
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DISCUSSION _ : - -

Various factors influvence the results cbtained in the water
channel and the effect of these Tactors must be ascertained
before tke charmel can be used for the investigabion of the
enalog>us gas flows.

From an exemingtion of figures 15 to 19 it is geen that
concentric waves appoar in front of the model. The fact that
these waves do not appear in the schiieren photographs (fig. 6)
of air flow taken at the La.ns;l.ey rectangular high-speed tu.nnel Buggea’cs
that these weves are not part of the analogy. : -

A distwbance at some point in & liquid generally wﬂl glve
rise to two types of weves: short surface-tension waves called
capillary waves and considorebly longer gravity waves (reference
5 and pp. 353-402 of reference 6). The cxpression Tor the
Telocity of propegetion of wabter waves ig

all/2 n -
f 2’“—‘ tanh :;-;‘-ﬂ / (16)

Figure 27 is a plot of U againss Xk for wabter depths of 0.5 inch
and 2.0 inches. This figure ghows that waves cannot exist with a
velocity of propagation less than approximately 0.75 foot per seccnd.
Disturbances of wave lenghth less than that corresponiing to the
minimum wave veloclty cre termed capillary waves since they depend
p:c‘_m&rily on the swrface tension of the fluid. Propagation velocities
grecter than this minimum velocity correspond to shorter ca.nilla.ry
waves and longer gravity wa.res. -

- e e

If g =0 end 4&<<\, oquation {16) becomes . -
U=\gd . IR ¢ & )

and thie velocity - the velocity of propagation of long gravity waves
is the basic- sur\"ace wave velocity. The other waves defined by
equation (16) are purely water surface waféss and are not conei dered
in the hydraulic anelozy. Figure Z7 shows that changes in the
waber- d.e‘_pv;h have 1little effect on the velocity of prupagation of
waves for wave lengbhs less than c.1 foot. '

The wave lengths of some of the standing weves appearing in
front of the models in figures 15 to 19 were measuwred from the
photog:thswgng_ were plot_tfa.d in the. inset of figure 27 against
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the local velocity (egual, for standing waves, to the velocity of
propagation) at the point where the wave occurred. This plot
showed that thege waves we.e caplllery weves. The check marks

on the luoset show the number of readings that fall on the

plottod points. These capillary waves, althouvgh they have no
part in the hydraulic analogy, have two adverse cffects on the
apvlication of the anelogy; namely, complication of the flow
photographs end decrezse in the accuracy of the depth mecasurements
tealen with the test-section probe.

The resulis obtained in the water chammel depond to a large
extent on the depth at which the tests are run. Tho effect of
depth on. the formation of standing caplllary waves 1g shown in
figure 28. If hiph stream Mach numbers without capillery wvaves
in the stremm are to be obtalned, s shallow depth is prescrided.

The effect of depth on the Tliow patterns end pressure
coufficients sbout circular cylinders is vory pronounced (figa. 13
end 14). The pressure cosfiicilont rises to a mavimem value
s dgy = 0.9 inch. The decrease in pressure coefficlent
at lower depths is bellcecved to bs due to the offect of hottom
boundery layer; the decroasc at highor depths 1s dvue to the effact
of tho vertlcal accelorations., Comparison of figures 13 and 1k
with figure Z6 indicates thet the water flow most noarly corresponds
to adlr flow at depthe that are between 0.77 inch and 1.0 inch.

The wabter 1is accelerated from the total hecd where the fluid
velocity 1s zero to & value of zerc acceleratian and maximom
velocity in the test sgction. Tho motion of the water through
this cycle is actuated by the force of gravity which is thus tho
Importent fector in the hydraulic enalog. If zn obstruction la
ploced in the path of o fluld at comstant velocity, local accelera-
tions of flow must take place in the field ebout the obstacls. If
these accclerations are large, tho vertical components, which have
no part in the analogy, are noc longoci negligiblo in camperiscon with
the acceleration of gravity; ond a distoruvion of tho flow results.
This dlstortion ie such that in a reglon of deceloration such as
the reglon in which the flow is approoching stagmabion, the dopth
is less than thot required in the annlogy; end tho dcpth indicated
by tho pressure in tho static orifices is greator then the truo
dopth. In a region of acceleration tho opposito olfects occur.
Differentiation of equotion (la) shows that tho scceleration
(in steady flow) is proportionel to the gradient of the dopth.

The slopc of the free gsurfoce is therefaro & measuro of the
accoloratlions.

Ify for two casos of the some stresm Moch nwibor the water

depth is Increased, tho slope of tho free surfacc is likewlse greater as
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shown in the following teble in which for chosen velues of M end
d, the velus of dy is computed from equetion (12&):

u do dg dgfdo | (do = dg) [V(in./sec)
0.926 | 1.000 | 0.700 | 0.700 0.300 - 10.78
926 |1 1.100 L7170 .'TO0 .330 11.29

The term (d, - dg) 18 an indication of the slope of the free
surface; the higher value corresponds to a steeper slopo ernd thus

to greater vertical accelerations. An illusiration of the fox"é-‘ o
going statements is given by the results of the nozzle tests in
vhich; as the water dopths decrease, the depth ratios apprcach
those calculeted by Reynolds flow (figs. 8 and 9); all tests wexe = =
made at choking Moch mumber. Bimnie and Hcdker observed the some .
effect (reference 3). If the slope of the free _surfe.ée i1s smell

and if the nozzle is so shaped that the acceleration in the entrance -
can be kept sufficiently emell, no variatlion of water-depth ratlos
occurs with chenging depth (fig. 10). The seme offect is shown In
figures 11 and 12 as measured by static orificez end Pburettes.

The effect of vertical accclorations on dopth ratios detcrmined
by meuns of static orifices is oppoaite to that obtcined by the
probe. It may be sgsumed therefore that this adverse effect would .
bo negligible whon the two metkodé of reedlng pressures colncide. The
roadings token at the minimwm section of the 2-inch nozzle (fig. 12)
when the depth wae reduced to 1.3 inches coincided. 1T the freo
surface eglope had been morc abrupt (smallor modol or-model having
a sharp pregsure risc) , & 8511l shallowecr depth would have been
required to attain this condition; therefore large models end smell
depths should bo cmployed. Tho minimum depth is limited, howsver,
by the effocts of the boundexry layor on tho floor of the channel.

The development of the boundary layer produces a velocivy gradient
along tho chemnel similar %o the gradient in a .wind tumnel. Thie
effect can be compensated in the seme way by diverging the walls or
in the case of the water chemmel by sloping the floor downward in the
direction of flow. An effect for which compensation does .not appear -
Teasible is the thickening and thinning of the boundery layer in
regions of dccelerating and sccelerating flow ebount a modol, dbehavior
which ceuses a distortion of the velocity distribution such as would
correspond qualitatively to a thimming of the model. These boundary
layer effects arc particulsrly seriouve in the water channsl because
of the appreciable boundary larer displacemont thickness (fownd to
be of the order of 0.1 in.3 In comperison with tho total depth of
the fluid. The boundery layer offocts could obviously be minimized
by incressing the wabor depths, both bocause of the incrcascd ratio
of total dopth to boundary layer displacement thickmoss and
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because of the increasged Reynolds mumbers corresponding to thse
highor velocitles with glven Mach numbers. This requiremeant ise,
unfortunately, inconslstent with the minimizing of the effects
of the cepillary waves and of the vertical accelerations.

The analogy is further limited Dby the fact that 1t applies for
& hyvotheticel ges having & value of 7 = 2,0; the effect of this
limitation has not been completely determined. The offects shown
in flgwes 1 and 2 are nob very largs, hovever, and can be tukon
into account in the interpretation of data tseken in the water
channel. ' Other investigetions suvggeat that the influcnce of the
value of 7 I1un subsonlc conmmreesible flow is not great. Kaplan
in reference 7 thus found that to the third approximation the
effoct of the value of 7 imn the campressible flow up to the
critical aspoed was neziieible and von Kézmin, roference 8, obtained
a widely used expression for dhange of pressure coefficient with
Mach nwmbor by using the assumption y = -1, For supersonic flow,
the characteristics ocurves ave considersbly influsnced by the value
of 7. The ratio of maximm velocity to the velocity of sound is
greatcer with 7 = 1.k then with 7 = 2.0, and for a givon chenge in
flow angle, the velocity chango, &s dotermined by the charactcristics
mothed, 1s also greator. : .

The Roynolds nwmbors in the water chonnel are celculated i‘qr
coampleto submorsion and are very-low; the meximar valua of, R for

the Sf-inch-digmeter cylinder with a static water depth of 0.75 inch

is 13,000. The campearison of the water-chemnel and wind-tunncl dota
(fige. 15 to 19 and 26) showed that, although the cylindor tosts-
wore made at consldorably higher Roynolés numbers in air than in
water, the seme type of flow occuried in both cegeg; the main
congideration is agreement of the flow patterns rather then
identical Reynolds mumbers.

In a vind tunnel, a choking or maximum streem Mach number occurs
when local Mach numbers of 1,00 extend across the scctian botwecn
the model and tunwel walls. A similer effect wes noted in the
water channel. Figure 25 shows that the strcem depth docrecsos and
the total head increases with Mech mumber up to a maximm value
that deponds on the gize of the model tested. At this choking
copndition,” both the stream dopth and the tobal head increzse with
an additlonel power input. Flgure 29 shows tho meximm Moch manber
for voarious ratios of cylinder dismetor to channel width., Vearlation
of tho data from the theoretical curves might be expected inasmuch
a8 the thooretlcal values wore camputed by one-dimensional thoory
(Reynolds flow); whereas, the actual flow is two-dimensianal.
Meximum Mech numbers that occur in wind tumnnels, howovor, agrce much
more closely with the one-dimensional thoory then do those shown
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in figure 29 (see referenco 9}, and it thercfore seems likely that

the divergence is due Lo other factors, such us boundary-layer effects
and vertical accelerations, rather than to the um-d:!.mensj,onal nature
of the flow.

The disturbance along the chammel well with verlous size
cylinders in the test section is shown in figures 21 to 2k. The
wall disturbance is an indicetion of the severity at high Mach
numbers of chammel-wall or wind-tumnel-wall interference. As the
stream Mach number approeches 1.00, the well disturbence increases
until at the choking condition the interference becames large even
for the mmsllest cylinder. For the l%-inch—d.iameter cylinder

(£ig. 22), the point of sonic velaocity at the wall is located
eprroximetely 3 dismeters behind the cylinder. This result is in
agreement with the flow photographs (figs. 15 and 17), which show
& gull-wing-shaped shock starting fran the reglon behind the
cylinder and extending downstream towvard the walls. Higure 20
shows the lines of constent Mach mwmber in the flow field about

a 6-inch~dimmeter cylinder &t choking Mach mumber and shows clearly
the supersonic flow occurring behind the cylinder. :

A comperison of the shadowgrephs (figs. 15 to 1§) with schlieren
photographs of flow about circmler cylinders in air (fig. 26) shows
that the two flows are véry similar. 7The typs of flow is
the same in the two cases and iz the type that is cheracteristic
of Reynolds numbers samewhat below the critical velus. At Reynolds
mmbers between 50 and 350,000, an unsteble condition is st up
behind a circuler cylinder in which vortices ere shed alternately
from each side. ILaminar separation occiurs at & point approximstely
80° from the forwaerd stagnastion point end a vartex sheet is formed
which extends downstream and finally rolls up into & large vortex.
The vortices so shed arrenge themselves into a XKérmén street. (See
reference 6, pp. 217-218.) Figures 16{(a), 18(a), 15(1), and 26(a)
show this type of flow, which is the geme in the waber chamnel as
in the air flow. Bscauge of the occurrence of geparation, the actual
pressure dlstribution is different from that calculated by potent.al-
flow theory. The actusl pressures over the Ffarward part of the
cylinder are higher and those over the rear are lower then those
calculated by theory. The negetive preséure posk is greatly redvced.
Flgure 20 shows the pressure distribubions sbout circular cylinders
in air and in-'the water chanmel. The quentitative results cobtained
in the water chennel ere very closs to those obtained in air
(figs- 20(&} %o 20(0}} " fhig close’ ag;eement s believed. hovever, ’co
be largely fortultous, resulting from an interaction between the Bottam
boundary layer effects and the rather large chammel-wall interference
in the wateér chamnsl. A% the choking Mach mumber M = 0.71 in the
water chermel (see fig. 20{d)) the interference effocts exceed the
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relieving effects of the thinning of the boundery leyer and the
negative pressure cocfficlents near 8 = 90° exceed those obtained
in the wind tunnel. L

Bocause of the unsteady nature of the flow, instantaneousn
velocities greater than thoee indicated by the _wessure dlstributians
occur near the surface of & cylinder. The crivical smced mey
therefore be expected to be lower than indicated by the pressure
distributions, an effect that has Teen obeerved in alr. Figure 2
ghows that with a glven pesk negative pressure coelficient, the
cribtical Mach nmumber should be somewhat lower in the water channel
(¥ = 2.0) them in air (7 = 1.14).

Another effect of the unsteedy flow is the asrmmetrlical
devolozment of shock. When the flow closes in on one side of the
cylinder, the induced velocities increase and may exceed a Mach
number of 1.00. A shock wave may thus form on one side while none
exlests on the other, or a more intense shock mey exlist on one side
then on the other. Such asymmetricel shock =atterns are shcwn in
figures 16(b) to 16(a), 17(b), 18(b) to 18(a), and 26(b) to 26(a). .
Exactly the same phenomsnon occurs in the waber chennel as in the
air flowv. In scme cases, the shedding of these waves alternately
frar each eide of & cylinder has been observed in the water channel -
when tho stream Mach numbsr was only a little &hove the critical value.
Such behavior is to be expected if on one slde of the cylinder the
velocitles filrst exceed and tBen rall belew the siced of sound as
the flow closes Iin and then breake away .fram the surface. With
increase in Mach number, a strong disturbence originates at the
edge of the weke epproximetely 1 dleameter behind the cylinder and
extends into the fleld of flow (figs. 15(d), 13(a), and 26(d)). This
disturbence oscillates with the weke, which 1s still unstable, and
in iuvs Incipient stages alternates frem one sidp of the rodel to the
other. At gtlll higher aspeed, the flow closes in behind the cylinder
go that the cylinder hes the appearance of a stieamline body with o
strong gull-wing-shaped disturbance at its trailing edge (figs. 15(e),
15(£), 16(f), 17(£), 18(f), 19(fr), 2€(e), and 25(<)). Thesd
features sppear to be essentially the same in the water channel as
In tre air flow. :

EQUIPMENT AND FUTURE DEVELODMENT e e a -

Measurement of depth at the surface of models and et fiuld .
boundaries are best made with pressure orifices and burettes
because of the cepillary rise, whereas the micrometer method 1s
sulted for measurement of field depths; both methods agree very
well jprovided the vertical accelerations are small. The burette
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method is best for obtaining average pressures in unstable flow. A
method of photography has been developed that is simple and campletely
gsatisfoctory. The shadowgrepns of the water flow &re stril:inely
similer to the schlieren photographs of air flow.

The value of the water chamnel lies melinly ir the low cosb
end convenience of operetion. Fleld surveys ave simply made, and
various Teabures of the flowv such as turbuwlence, vartices, sepcration,
snd. shock formation ere easily observed ond photographed. Streemlineos
about a model are cesily obtalned by inserting streamers of dye in ’
the water shead of the model.

A lerger channsl especially designed to minimize boundary layer
effects and to secure wmiform flow in the test séction is desirable.
The chammel should be large cnough to permit tests at Reynolds
numberg boveo the critical velue. A larger chennel would also
be edvantegeous in reducing the adverse offects of the 'boundary
layer or verticel accelerations, or both.

Additional investigetions, both thoeoretical and experimentael,
are neocded in ovder to dstermine the correctlions necessary to
convert qusntities obtainod from the water flow to the values
charecteristic of tho sir flow abcout corresponding bodies.

CONCLUSIONS .

An experimental aprarstus end technlque have boon developed
Tor the investigstion of the analogy betwocn water flow with a
froe surface and two-dimensional campressible gas flow (hydraulic
enalogy); & preliminary investigation has boon mado and the results
of on applicetion of the analogy have boen presentad. The following
conclusions ars indicated fram this work: '

_ 1. The hydraulic analogzy providos a very inexponsive and
convenient means of investigating hilgh-speed twe-dimonsional air
flow. Tho flow may bo obscived and pvhotographed, and surface and
Tield measurements mey bo easily obtained. Roasconeobly setisfactory
agreemant was found between the water flow and air flow about
¢orresponding bodies, although conslderable work in both theory
end experiment is needed in order %o convert with quantitative
accuracy fram the water flow to the flow in air.
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2. With a large:r channel, difficulties due to vertical

accelerations and subcritical Reynblds numbers might Te overcome.

Langley Memorial Aeronautical Laboratory

"National Advisory Conmittee for Aercneuti.s
Langley Field, Va., August—2l, 1946
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